Abstract. The expression of microRNA 21 (miR-21) has been reported to be upregulated in various types of cancer, including malignant gliomas. However, its functions and mechanisms in glioma remain to be fully elucidated. The present study established miRNA-21 overexpression and knockdown cell lines using SRY-box 2 (Sox2) small interfering RNA (siRNA) to knockdown expression and Sox2 cDNA was cloned into pcDNA 3.1 mammalian expression vector for ectopic expression. BIO and XAV-939 were used for β-catenin signaling activation and knockdown, respectively. Transwell chambers were used to assay the capacity of cells to migrate. The present study determined that increased expression of miR-21 significantly promoted the migration and invasion of glioma cells, which was accompanied by an upregulated expression of the Sox2 protein. Sox2 overexpression also promoted glioma cell migration and invasion, whereas Sox2 siRNA markedly reduced the miR-21-enhanced migration and invasion of glioma cells, indicating Sox2 may act as a crucial mediator of miR-21 function. Furthermore, miR-21 also upregulated the protein expression level of β-catenin, whereas anti-miR-21 and Sox2 knockdown significantly reduced β-catenin expression. BIO, a β-catenin specific agonist, enhanced migration and invasion of glioma cells. XAV-939, an inhibitor of β-catenin signaling, markedly inhibited the migration and invasion of glioma cells, suggesting that β-catenin may be associated with miR-21-and Sox2-induced invasion of glioma cells. Notably, BIO restored the migration and invasion potential of glioma cells, which were inhibited by Sox2 siRNA and anti-miR-21.
Introduction
Malignant gliomas are one of the most common primary malignant brain tumors, with an annual incidence in China of 5.26 per 100,000 individuals. These tumors are frequently associated with a poor prognosis and low quality of life in patients (1). Hypoxia is a major feature of the solid tumor microenvironment and has been associated with tumor progression and poor clinical outcome. Previous studies have demonstrated that pseudopalisades around necrotic foci in malignant gliomas are severely hypoxic, and secrete high levels of vascular endothelial growth factor (VEGF) by increasing the transcriptional activity of hypoxia-inducible factors 1 and 2 (HIF-1 and -2) (2,3). VEGF secretion leads to endothelial proliferation and angiogenesis, which is required for the development, progression, growth and metastasis of the tumor.
In addition, hypoxia effects the migration and invasion of glioma cells by modulation of the expression of extracellular gelatinases, such as matrix metalloproteinases and the urokinase-dependent plasminogen-activating cascade (2, 3) . The invasion of malignant glioma cells into the healthy regions the brain is a critical factor that limits current therapies for astrocytomas. However, the detailed molecular mechanisms underlying glioma cell migration and invasion remain to be elucidated (4, 5) . microRNAs (miRNAs) are a class of non-protein-coding small RNAs and have been identified to be important in the coordination of cell differentiation, proliferation, apoptosis, metabolism and tumorigenic transformation (6) (7) (8) . Significant effort has been made towards investigating the function and mechanism of microRNAs (9, 10) ; however, the factors affecting the expression of miRNA transcripts remain to be elucidated. A previous study demonstrated that there are functional links between hypoxia and miRNA expression (11) . Previous studies have identified that a specific spectrum of miRNAs may be induced in response to low oxygen levels and their overexpression may result in MicroRNA-21 promotes migration and invasion of glioma cells via activation of Sox2 and β-catenin signaling significant inhibition of proapoptotic signaling in a hypoxic environment, indicating the impact of these miRNAs on tumor growth. Notably, certain hypoxia-induced miRNAs have been identified to be overexpressed in a variety of human tumors, including malignant gliomas. Among these identified miRNAs, miRNA-21 (miR-21) was markedly upregulated in various cancer cells, particularly in gliomas. miR-21 has been determined to be upregulated in the majority of the human glioblastoma (GBM) specimens investigated and its expression level was correlated with the glioma grade (11) (12) (13) (14) (15) . Additionally, the downregulation of miR-21 in glioma cells lead to the reduction of their migratory and invasion abilities (16) . However, the underlying molecular mechanism of how miRNA-21 affects glioma migration and invasion remains poorly understood. The present study determined that the miR-21 overexpression significantly enhanced the migration and invasion of glioma cells, accompanied by SRY-box 2 (Sox2) upregulation and the activation of the β-catenin signaling pathway.
Materials and methods
Cell culture. Four human malignant glioma cell lines (U87, A172, T98 and U343) were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; GE Healthcare Life Sciences, Logan, UT, USA), 100 U penicillin and 100 mg/ml streptomycin. The cells were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 .
Plasmids, miRNA, small interfering RNA (siRNA) and reagents. For miR-21 overexpression, the cells were transfected with a synthetic RNA duplex corresponding to mature miR-21. The sequences of the miR-21 and scrambled miRNA were as follows: miR-negative control (miR-NC), 5'-CAT TAA TGT CGG ACA ACT CAAT-3' and miR-21, 5'-TCA ACA TCA GTC TGA TAA GCTA-3'. For miR-21 inhibition, the cells were transfected with 50 nM anti-miR using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols as previously described (17) . The sequences were as follows: Mismatch siRNA, 5'-TCT TCA TGA GTC AGA TTA CCTA-3' and anti-miR-21, 5'-TCA ACA TCA GTC TGA TAA GCTA-3'. Sox2 knockdown in glioma cells was achieved using siRNA transfection with Lipofectamine 2000 according to the manufacturer's protocols. The sequence of Sox2 siRNA used was as follows: 5'-CCU GUG GUU ACC UCU UCC CC CACU-3' (18). Sox2 ectopic expression was achieved by subcloning Sox2 cDNA into pcDNA 3.1 mammalian expression vector (Invitrogen; Thermo Fisher Scientific, Inc.) as previously described (19) . For the β-catenin knockdown using Lipofectamine 2000 according to the manufacturer's protocols, the following β-catenin siRNA sequence was used: 5'-AGC UGA UAU UGA UGG ACAG-3'. The 6-bromoindirubin-3'-oxime (BIO), a β-catenin agonist, and XAV-939, an inhibitor of β-catenin were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Cells activated with BIO were incubated with 1 µM BIO for 24 h. To detect β-catenin inhibition, the glioma cells were incubated with 1.0 µM XAV-939 for 8 h. These treatments were tested to validate their efficiency using quantitative polymerase chain reaction or western blotting. The western blotting was conducted as described below. The qPCR was performed using SYBR ® Premix Ex Taq™ II on an ABI 7300 qPCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). Thermocycling conditions were as follows: 95˚C for 10 min; and 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. GAPDH served as an internal control. Normalization and fold changes were calculated using the 2 -∆∆Cq method (20) . All experiments involving transfected cells were conducted after 48 h.
Transwell migration and invasion assays.
A Transwell assay was performed using chambers with polycarbonate filters with 8-µm pore size (Merck Millipore) coated with Matrigel on the upper side. The chambers were placed into a 24-well plate and the lower chamber was filled with DMEM containing 20% FBS. Glioma cells with different treatments (each group untreated, treated with miR-NC or miR-21) were harvested and 1.0x10 4 cells were placed in the upper chamber, then incubated for an additional 24 h. The cells that penetrated and attached to the bottom of the filter were identified using a crystal violet staining at room temperature for 20 min. The number invaded cells in each different treatment group was counted using microscopy (Leica DM IL LED; Leica Microsystems GmbH, Wetzlar, Germany and the average values of 6 randomly selected fields were used.
Immunofluorescence staining. Cells were cultured on glass coverslips until 80% confluent and then fixed with 4% formaldehyde solution. The cells were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck Millipore) for 30 min at room temperature. Next, the cells were incubated with rabbit polyclonal anti-Sox2 antibody (1:200; Wanlei Life Science Shenyang, China; cat. no. WL00982) overnight at 4˚C and fluorescein isothiocyanate-labeled goat anti-rabbit antibody (1:100; Beyotime Institute of Biotechnology, Inc., Haimen, China; cat. no. A0423) for 1 h at 37˚C. The cells were then subjected to laser scanning confocal microscopy using an Olympus FV1000S-SIM/IX81 (Olympus Corporation, Tokyo, Japan) following DAPI staining (1:1,000; Biosharp Biotech, Hefei, China).
Western blot analysis. Following exposure to the different treatments the cells were lysed with Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA, USA) and 20 µg proteins were separated by SDS-PAGE following quantification using the ultraviolet absorption method. Proteins were transferred to PVDF membrane, blocked with 5% non-fat milk for 4 h at room temperature and then incubated with anti-Sox2 primary antibody (1:2,000) and anti-β-actin (1:1,500; Sigma-Aldrich; Merck Millipore; cat. no. C2206) overnight at 4˚C. Following a 4 h incubation at room temperature with horseradish peroxidase-labeled secondary antibody (Beyotime Institute of Biotechnology, Inc.; cat. no. A0239) the specific proteins were detected using enhanced chemiluminescence reagent (7 Sea Biotech, Shanghai, China).
Intracellular flow cytometry analysis. Single cell suspensions in phosphate-buffered saline containing 1% BSA were obtaining by trypsinization following the application of the different treatments. The cells were fixed and permeabilized in Intracellular Fixation & Permeabilization Buffer (plus Brefeldin A; eBioscience, Inc., San Diego, CA, USA). For β-catenin expression detection, freshly harvested cells were incubated with a β-catenin antibody (1:200) according to the manufacturer's protocol and analyzed by flow cytometry followed by CellQuest Pro 4.0 software (BD Biosciences, Franklin Lakes, NJ, USA) for β-catenin expression using relative fluorescence intensity in each group compared with the untreated cells. A total of 30,000 cells were counted for each sample.
Statistical analysis. Data are expressed as the mean ± standard error. Statistical analysis of differences among groups was performed using analysis of variance, followed by Dunnett's post-test. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-21 overexpression promotes the migration and invasion of glioma cells. Migration and invasion of cancer cells is a key
factor responsible for cancer metastasis (21) . In order to investigate the influence of miR-21 on the migration and invasion of glioma cells a Transwell assay was performed using different glioma cell lines (U87, A172, T98 and U343). The cells were transfected with anti-miR-21 for 48 h, and the migration/invasion efficiency was detected. As presented Fig. 1A , the overexpression of miR-21 increased cell migration/invasion compared with the miR-NC group or untreated cells. Cell migration was increased significantly by 121±30% in U-343, 154±20% in T98, 91±21% in A172 and 110±15% in U87 cells, all compared with their respective untreated cells (n=6; P<0.01; Fig. 1B ).
Sox2 is a crucial mediator in miR-21-induced migration and invasion in human glioma cells.
A previous study identified that Sox2 was required for the proliferation and anchorage-independent growth of cancer cell lines in lung and esophageal squamous carcinoma, highlighting the importance of Sox2 as a lineage-survival oncogene (22) . High Sox2 expression has been associated with several types of human solid tumors, including glioma (23) and silencing of Sox2 inhibited the proliferation and tumorigenesis abilities of glioblastoma cells (24) . Additionally, a previous study revealed that Sox2 expression was increased in cells under hypoxic conditions (25) . Notably, overexpression of Sox2 has been identified to promote migration and invasion ability of cancer cells (17, 18) . The present study evaluated the association between miR-21 and Sox2 in glioma cells. It was determined that miR-21 overexpression markedly promoted Sox2 expression in all four cell lines and the increased level of Sox2 was primarily concentrated in the nuclei of the glioma cells (Fig. 1C) . Western blotting revealed higher levels of Sox2 in the nucleus of miR-21-transfected cells compared with the control cells transfected with miR-NC (Fig. 1D) . These findings suggested that the miR-21 overexpression may increase Sox2 expression and its nuclear localization.
To investigate whether an increased level of Sox2 is required for the miR-21-induced migration/invasion of glioma cells miR-21 overexpression and Sox2 silencing with specific Sox2 siRNA were used. The migration/invasion ability of glioma cells was enhanced following miR-21 transfection, whereas Sox2 silencing significantly decreased the miR-21-induced migration/invasion with the inhibition rate of 45±9% in U-343, 54±11% in T98, 42±13% in A172 and 56±10% in U87 cells (n=6; P<0.01; Fig. 2A and B) , respectively, compared with cells transfected with miR-21 only. These findings indicated that an increased expression level of Sox2 may be an important mediator of miR-21-induced glioma cell migration/invasion. In order to confirm this glioma cells were transfected with a Sox2-overexpressing plasmid and the migration/invasion potential of the cells was evaluated using a Transwell assay. It was revealed that Sox2 overexpression exhibited a similar effect as miR-21 in the enhancement of the migration/invasion ability of the glioma cells (increased by 110±20% in U-343, 100±20% in T98, 120±25% in A172 and 80±30% in U87 cells compared with controls; P<0.01; Fig. 2C ). In addition, Sox2 knockdown significantly reduced the cell migration/invasion compared with control cells with an inhibition rate of 65±10% in U-343, 51±12% in T98, 62±15% in A172 and 72±10% in U87 cells (n=6; P<0.01; Fig. 2C ). These findings indicated that Sox2 may act as an essential mediator in the miR-21-enhanced migration/invasion ability of glioma cells.
miR-21/Sox2-induced migration/invasion of glioma cells is involved in the activation of the Wnt/β-catenin signaling.
Previous studies have reported that β-catenin is a vital downstream molecule of Sox2 (19, 26) . In order to determine whether Wnt/β-catenin signaling may be involved in miR-21-induced cell migration/invasion, the present study examined the effect of miR-21 on Wnt/β-catenin signaling using flow cytometry 48 h after the cells were transfected with miR-21 or anti-miR-21. It was determined that the β-catenin level in the miR-21 transfected cells was significantly higher compared with the control groups (increased by 123±28% in U-343, 132±21% in T98, 152±19% in A172 and 124±27% in U87 cells), whereas in the cells treated with anti-miR-21 a >50% reduction in β-catenin expression was observed (Fig. 3A and B) , which indicated that β-catenin was associated with miR-21 levels in human glioma cells. In order to investigate whether β-catenin signaling was involved in glioma cell migration/invasion, a Transwell assay was performed and glioma cells were treated with BIO, a specific β-catenin signaling agonist, or XAV-939, a β-catenin signaling inhibitor. As presented in Fig. 3C , BIO treatment significantly promoted the migration/invasion of the four glioma cell lines compared with the control groups (P<0.01). By contrast, XAV-939 treatment significantly inhibited the migration/invasion compared with the control groups (P<0.01; Fig. 3C ). Furthermore, β-catenin knockdown also significantly reduced the migration/invasion ability of the glioma cell lines compared with the control groups (P<0.01; Fig. 3D ). Notably, β-catenin siRNA treatment significantly inhibited the miR-21-induced migration/invasion of human glioma cells compared with the (P<0.01; Fig. 3D ). These findings suggested that β-catenin may act as a functional mediator in miR-21-enhanced glioma cell migration/invasion.
Sox2 mediates miR-21-induced β-catenin signaling.
Previous studies have revealed the regulatory importance of Sox2 on Wnt/β-catenin signaling (19) . The present study investigated the importance of Sox2 in miR-21-induced β-catenin signaling. As presented in Fig. 4A , the β-catenin expression level in Sox2-overexpressed glioma cells was significantly increased compared with the control group of untreated cells (P<0.01), whereas simultaneous Sox2 knockdown significantly inhibited the β-catenin expression (P<0.01; Fig. 4A ). The β-catenin siRNA significantly reduced the Sox2-induced glioma cell migration/invasion compared with Sox2-overexpressed cells (P<0.01; Fig. 4B ). Furthermore, BIO treatment significantly restored the Fig. 4C ). The present findings indicated that the upregulated expression of β-catenin promoted glioma cell migration/invasion and Sox2 may be a regulator of β-catenin. Treatment with BIO or Sox2 overexpression significantly increased anti-miR-21-induced migration/invasion inhibition in glioma cells (P<0.01; Fig. 4D ). The current findings indicated that miR-21 overexpression may increase the migration/invasion ability of glioma cells via activation of Wnt/β-catenin signaling and Sox2 may act as a functional mediator of miR-21 and β-catenin signaling (Fig. 5) .
Discussion
Hypoxia is a characteristic feature of locally advanced solid tumors and has been considered to be an adverse prognostic factor (5, (27) (28) (29) . Tumor cells have adapted to this hypoxic environment by changing the expression patterns of some associated genes and many of these hypoxia-induced genes are mediated by the HIF-1 complex. Among these hypoxia-induced genes, several are closely involved with the migration and invasion functions of tumor cells. miRNAs are a class of evolutionarily conserved small, non-coding RNAs, which interact with the 3'-untranslated region of coding genes to regulate their expression (30) . A previous study reported that a specific spectrum of miRNAs was upregulated under hypoxic conditions, and was partially responsible for the migration and invasion of cancer cells (31) . miR-21 expression was upregulated in the majority of the human malignant gliomas specimens previously analyzed and it has been identified to promote cell invasion (16) . However, the mechanism involved in miR-21 regulation of glioma cell migration and invasion remains to be elucidated (16, 32) .
The present study demonstrated that miR-21 overexpression may significantly increase the migration and invasion abilities of glioma cells. These findings are consistent with the observation in glioma specimens as miR-21 expression level has been correlated with the glioma grade and malignant gliomas have a higher invasion potential (22) . Furthermore, overexpression of miR-21 was accompanied with upregulation of Sox2, and knockdown of Sox2 significantly inhibited miR-21-enhanced glioma cell migration and invasion. Similar to miR-21 overexpression, Sox2 overexpression also promoted migration and invasion of glioma cells. Therefore, the present study revealed that Sox2 may have a functional role in mediating miRNA-21-induced migration and invasion of glioma cells. Sox2 siRNA significantly inhibited the miR-21-induced migration/invasion of human glioma cells, suggesting that Sox2 may be a key mediator of miR-21-associated migration/invasion signaling. Sox2 is a key transcriptional factor and is upregulated in numerous tumors, including glioblastoma (18, 33, 34) . A previous study demonstrated that Sox-2 induced epithelial-mesenchymal transition via activation of the Wnt/β-catenin signaling pathway in laryngeal cancer cells (35) . The present study also revealed that Sox2 expression may induce β-catenin expression and in turn, β-catenin activation promoted migration and invasion of glioma cells. β-catenin siRNA or XAV-939, a β-catenin signaling inhibitor, significantly inhibited the miR-21 or Sox2-induced migration/invasion potential of Conversely, BIO, a specific β-catenin signaling agonist, significantly increased the miR-21 or Sox2-siRNA-induced migration/invasion inhibition. These findings suggested β-catenin may be a major downstream target of miR-21 and Sox2 in the regulation of migration and invasion properties of glioma cells. Therefore, the present study identified a novel miR-21/Sox2/β-catenin signaling pathway that may regulate the migration and invasion of human glioma cells.
In conclusion, miR-21 may be upregulated by HIF-1 under hypoxic conditions, and miR-21 subsequently activate Sox2 and the β-catenin signaling pathway, which may result (Fig. 5) .
